Recent evidence suggests that bats can detect the geomagnetic field, but the way in which this is used by them for navigation to a home roost remains unresolved. The geomagnetic field may be used by animals both to indicate direction and to locate position. In birds, directional information appears to be derived from an interaction of the magnetic field with either the sun or the stars, with some evidence suggesting that sunset/sunrise provides the primary directional reference by which a magnetic compass is calibrated daily. We demonstrate that homing greater mouseeared bats (Myotis myotis) calibrate a magnetic compass with sunset cues by testing their homing response after exposure to an altered magnetic field at and after sunset. Magnetic manipulation at sunset resulted in a counterclockwise shift in orientation compared with controls, consistent with sunset calibration of the magnetic field, whereas magnetic manipulation after sunset resulted in no change in orientation. Unlike in birds, however, the pattern of polarization was not necessary for the calibration. For animals that occupy ecological niches where the sunset is rarely observed, this is a surprising finding. Yet it may indicate the primacy of the sun as an absolute geographical reference not only for birds but also within other vertebrate taxa.
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navigation | orientation | sun compass | Chiroptera | sensory ecology S ince the discovery that migrating birds can use the geomagnetic field to designate direction, research on the manner in which different animals use this cue for orientation and navigation has flourished (1-4). As a general notion, animals could potentially use the geomagnetic field for obtaining directional information, the "compass sense" (5) , and/or to locate position, the "map sense" (6) . In birds, a number of seemingly contradictory findings suggested that the geomagnetic field interacts with either the sun or the stars to provide directional information (7) . Calibration by such celestial cues may be important in migrating animals to correct for declination error [the difference between geographical and magnetic north (8) ] or to avoid increased paths through inaccuracies (9) . Recent evidence suggests that polarized light cues at sunset and sunrise may provide the primary directional reference that calibrates a magnetic compass in migrating birds (8) (9) (10) (11) .
Surprisingly, only recently has it been shown that bats are able to detect the geomagnetic field (12) (13) (14) , although so far evidence exists only for two species, one in the United States (12, 13) and one in Asia (14) . Using the technique of Cochran et al. (8) , in which the animal is exposed to an altered magnetic field at sunset and then released into the natural magnetic field, the results of ref. 12 suggested that, like birds, bats used the geomagnetic field to determine direction following calibration by sunset cues. However, this interpretation remains uncertain on two counts. First, the experimental design in ref. 12 involved transport in a variable magnetic field, making it uncertain which component of the bat's navigation system (map, compass, or compass calibration) was critically affected. Second, the technique of rotating the magnetic field at sunset, followed by release into the natural magnetic field, has been criticized in being unable to distinguish between the hypothesis of sunset calibration and an "overcompensation" response to the calibration of a celestial compass by the magnetic field (15, 16) . These authors (15, 16) argue that this is a similar response to that shown by homing pigeons kept in an altered magnetic field for long periods. These birds showed a counterclockwise deflection on their second release following displacement, after having shown a clockwise deflection upon their first release (17) .
Most insectivorous bats occupy an (almost) exclusively nocturnal niche (18) , and thus the way in which celestial and magnetic cues could interact to provide directional information could potentially differ from birds. This is especially true for the species chosen in this study, Myotis myotis, the greater mouseeared bat. This bat emerges from its day roost to forage after the sun's disk has passed below the horizon (19, 20) , although the postsunset glow is still visible. Thus, this species represents an excellent cross-taxon comparison of the generality of the hypothesis that the sun provides the primary geographical reference by which all other directional cues are calibrated (10) or whether the cues used for orientation depend on the ecological niche of the species.
Thus, the aim of our study was to test the hypothesis that sunset cues calibrate the magnetic field by comparing the homing orientation of displaced bats exposed to a rotated magnetic field. In the first of two experiments, bats were exposed to a magnetic field rotated east during sunset. If bats were using a magnetic compass calibrated with sunset cues, we would expect their orientation to be rotated counterclockwise from controls. If they calibrated a star compass with the magnetic field, we would predict them to be rotated clockwise with respect to controls (cf figure S1 in ref. 12). In the second experiment, bats were exposed to a magnetic field rotated east after all sunset cues had disappeared. This comparison has the potential to distinguish between sunset calibration and alternative hypotheses. If the experimental bats in this treatment were oriented counterclockwise with respect to controls, this would indicate that observation of the sun's position at sunset is not responsible for the effect.
Results
Experiment 1: Exposure to a Rotated Magnetic Field at Sunset. Both control and experimental groups had orientations significantly different from random (Rayleigh test: controls: r = 0.71, P = 0.012, n = 8; experimentals: r = 0.65, P = 0.028, n = 8). Fig. 1 shows the orientation of the two groups. There was a significant difference between the mean angular directions of the two groups (Watson-Williams test, F 1,14 = 7.69, P = 0.014), with the experimental group being shifted 77.56°counterclockwise from the controls. The 95% confidence interval did not include the home direction in either group (confidence interval test, home direction = 224°; controls: 95% confidence interval = 223.4°, P < 0.05; experimentals: 99% confidence interval = 157.3°, P < 0.01). Experimental (median 7.5 min) and control bats (median 8 min) vanished quickly from the release site, and there was no significant difference between groups (Mann-Whitney U test: U = 25.5, P = 0.491). There was also no significant difference in homing times between the two groups (Mann-Whitney U test: U = 16, P = 0.749), although very few bats homed on the first night of release ( Both groups were significantly oriented (Rayleigh test: controls: r = 0.62, P = 0.039, n = 8; experimentals: r = 0.758, P = 0.006, n = 8). Fig. 3 shows the orientation of the two groups, and again the 95% confidence interval did not include the home direction in either group (confidence interval test, home direction = 224°; controls: 95% confidence interval = 223.7°, P < 0.05; experimentals: 95% confidence interval = 212.9°, P < 0.05). There was no significant difference between the two groups, either in mean angular direction (Watson-Williams test:
Again there was no significant difference in time to vanish [Mann-Whitney U test: U = 23, P = 0.340; medians 6.5 min (experimental bats) and 8 min (controls)] or homing times (Mann-Whitney U test: U = 19, P = 0.483), with few bats homing the same night as release (Fig. 3 ). There was no significant angular difference between control groups from experiments 1 and 2, either in the mean angular difference (WatsonWilliams test:
There was also no difference between the controls from experiment 1 and the magnetic-treated group from experiment 2, either in the angular difference (Watson-Williams test: F 1,14 = 0.08, P = 0.781) or the distribution (Watson's U 2 test: U 2 = 0.043, P > 0.5). However, there was a significant difference between the magnetic-treated groups from experiments 1 and 2 (Watson-Williams test: F 1,14 = 7.253, P = 0.017).
Twenty-six of 32 released bats homed while an automated receiver that we had deployed at the site of capture was in place. There was no difference in homing times between any of the four groups (Kruskal-Wallis test: χ 2 = 5.361, P = 0.147). However, we note that it appears that the bats from night 1, both control and experimental, took longer to home than bats on any other night (Fig. 2) . The most likely explanation for this difference are 2-day rain storms that followed the release on night 1 (Materials and Methods), which may have forced the bats to take extra stopover nights before homing to the site of capture.
Discussion
The results of the first experiment in which the magnetic field was rotated at sunset are consistent with the hypothesis that observing some aspect of sunset calibrates the magnetic field, which is then used to provide bats with directional information. However, this does not conclusively demonstrate that it is the observation of the sunset that is responsible for this calibration, and therefore cannot be distinguished from the overcompensation hypothesis (15) . The second experiment, in which the same treatment was used but after all traces of sunset had disappeared, thus provided the crucial test for the hypothesis of sunset calibration of the magnetic field. The lack of an effect on the experimental group in this experiment clearly indicates that it is the exposure to some aspect of the setting sun that is responsible for the shifted orientation. As far as bats are concerned, it provides no support for the overcompensation hypothesis proposed by ref. 15 for birds. An alternative hypothesis is that the manipulation did not affect the compass sense but instead a magnetic map sense. A magnetic map would be based on detection of an increase/decrease in intensity and/or inclination, allowing the animal to perceive at least their latitude of displacement in a normal magnetic field (6, 21) . It has also been proposed that homing pigeons can learn the directional characteristics of map factors at a home site (22) and that rotation of the direction of those factors at the home site results in a corresponding rotation, and thus a misreading, of the map (23) . If this were so in bats, then our subjects should have perceived the magnetic field direction as aligned with intensity and inclination increasing from west to east instead of from south to north, as would normally be the case. When displaced to the northeast, as our bats were, they should perceive themselves as being displaced to the southeast, and thus would be expected to fly in a northwesterly direction to reach home, a clockwise deflection from the expected direction. Because our sunset group had a bearing that was rotated counterclockwise, this argues for the sunset calibration of a magnetic compass rather than rotation of the perception of map factors.
For birds, it has been proposed that the view of the polarization pattern at sunset and sunrise is crucial for the calibration of the magnetic field (9, 11), although the polarization pattern of postsunset is also possible for such a calibration (24) . Our experiment rules out polarization being used to calibrate the magnetic field in this case because the container from which the bats were able to observe the sunset disrupted the pattern of polarization so that it would not give meaningful information. Whether bats can use the pattern of polarization if available remains to be determined, but it is not known whether the mammalian eye contains the necessary architecture to detect significant polarization (25) . This is particularly true for the nocturnally adapted eyes of most bats, which consist mostly of rods. Given that the proposed mechanism of detection of polarization in the vertebrate eye is linked to cones (26) , it remains unlikely that temperate insectivorous bats detect the polarization pattern at sunset. However, one insectivorous bat species, Eptesicus fuscus, orients toward the postsunset glow on emergence from a roost (27) ; that is, they are able to perceive it and could thus deduce where the sun sets on a daily basis, provided cloud cover permits.
Although both control groups were significantly oriented, their confidence interval did not include the home direction. So-called release site biases (28) are known to affect the vanishing directions of homing pigeons and have been postulated as being caused by a number of factors, such as prevailing wind conditions, local attraction, or misreading of factors in the navigational map (21, 23) . What is crucial in testing the effect of the treatment is the comparison of the experimental group with the control group (29) . Given that the experimental group in experiment 1 was shifted relative to the controls, this strongly argues that the bats had determined a direction to orient but that the treatment in experiment 1 altered their perception of the direction in which to orient relative to controls. It is possible that the bats were orienting toward the closest Rusenski Lom River gorge, the Beli Lom to the south, where numerous rock crevices and caves provide shelter. The fact that many bats did not return on the first night supports this hypothesis.
The cues used by the bats to indicate their position can only be speculated on at this stage, because this was outside the normal home range of this species (20) and thus it is unlikely that a familiar area map was being used (30) . After decades of research, the arguments about which cues are necessary for locating position still persist in homing birds (31, 32) , and thus it remains one of the most challenging questions for the recently relaunched field of bat navigation (33) .
Our findings support the conclusion that the greater mouseeared bat, Myotis myotis, uses a magnetic compass calibrated by sunset cues to orient home from a release site. They do not support the hypothesis that this species uses a star compass calibrated by the geomagnetic field. When the ecology of this species is considered, sunset calibration is actually rather surprising. This species generally emerges after sunset (19, 20) , although regularly before the postsunset glow disappears from the horizon. It would seem more likely that if calibration between cues exists it would be between the magnetic field and the stars. Whether temperate insectivorous bats are able to perceive the stars remains uncertain based on a visual acuity of at most 6 cycles/degree (34, 35) , when compared with human visual acuity of 60 cycles/degree (36) . However, at least one experiment indicates that one species of insectivorous bat is capable of perceiving simulated stars of the same intensity as their real equivalent (37) . The present experiment does not allow us to distinguish between the lack of effect in experiment 2 being caused by the bats using a noncalibrated compass and alternatively retaining the calibration from a previous night. This can be tested in future experiments by exposing bats to a rotated magnetic field, followed by a delay in release for more than one night with no access to sunset.
Our results indicate that homing insectivorous bats appear to rank available cues in the same way as birds, with sunset cues at least providing the reference for calibration of the magnetic field, albeit with a different aspect of the sun being used as the calibration reference. Our data thus indicate that not only for birds but also within other vertebrate taxa, the sun provides the most reliable geographical reference upon which all other cues are calibrated for orientation in homing and migration. Bats may represent an interesting group for in-depth investigation of the effect of ecological niche on calibration mechanisms. For many tree-roosting insectivorous and fruit-eating bats, a view of sunset would be easily accessible, and for those we would predict sunset calibration just as we found for the crepuscularly emerging mouseeared bats. In Europe, there is likely no bat species that is never exposed to any visual information on where the sun had set. However, in the tropics, where the sun sets fast and thus the crepuscular phase is short, bats that emerge late from caves and then stay within the dark rainforest interior might never experience sunset cues under natural conditions. It would be interesting to test whether such bats would be susceptible to the calibration of their magnetic compass by sunset information. Potential candidates would be vampire bats (genus Desmodus), which are known to emerge late (38) .
Sunset calibration has been proposed as a mechanism to avoid errors in orientation during long-distance migration (8, 9) . Why it would be necessary in a much shorter distance homing task is unclear, and in particular in Europe, where declination is generally low (4°at the location where these experiments were carried out). In birds, plasticity in the migration strategy may have selected for generality in mechanisms (39) , but migration in bats is much rarer than in birds, with less than 1% of species migrating farther than 1000 km (40) . The reasons why the sun may provide the absolute geographical reference for navigation in bats are thus difficult to explain. It may indicate that the sun is perceived as a more reliable directional cue across taxa regardless of ecological niche or spatial scale, but further experiments on this phenomenon in different taxa at different scales are necessary to confirm the generality of this finding.
Materials and Methods
Experimental Subjects. For the homing experiments, 32 greater mouse-eared bats (Myotis myotis) were captured over 4 nights (8 bats per night) at the Orlova Chuka Cave, district of Ruse, northern Bulgaria (N 43°35.595′ E 025°5 7.611′ 149-m elevation), using a three-bank harp trap (Faunatech Austbat). We only used non-or postlactating adult females. Upon capture, bats were brought to the nearby Tabachka 
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Group (MPI Seewiesen) (N 43°36.631′ E 025°58.366′). Bats were housed in a mesh cage (49 × 34 × 37 cm; length × width × height) with ad libitum access to water. The cage was set up in a bat-keeping room with artificial light that was turned off at dusk and turned on at dawn to mimic natural conditions. The keeping room did not permit any view of the natural sunset. Group 1 bats were captured at emergence on the night of July 9/10, 2009. Group 2 bats were caught on return to the roost on the night of July 11, 2009 and, because of bad weather, were kept for two subsequent nights before being released. Groups 3 and 4 were caught on return to the roost on the nights of July 14 and 15, 2009.
Experimental Treatments. On the night of treatment, bats were transported to the "treatment site" by car from the research station in cotton capture bags (17 × 25 cm; Schachversand Ullrich). The treatment site was 530 m from the research station. It had an unrestricted view of the horizon. The treatment on night 1 was performed on a dirt road (N 43°36.484′ E 25°58.030′ 160-m elevation) and was 70 m from the site of treatment on all subsequent nights (N 43°36.453′ E 025°58.061′ 162-m elevation). The change from night 1 was forced by a small number of vehicles requiring access to the dirt road, and so the second site was off the road. Four Helmholtz coils (60-cm diameter; custom-made, University of Konstanz, Germany) were aligned northeast using a magnetic compass (Suunto M3; Amer Sports). Two of the coils were linked to a power supply (6015A; Peak Technologies), and the power to the coil was increased until a compass placed in the center pointed east. This resulted in a 90°shift of the direction of the magnetic field to the east, without any change in the angle of inclination or intensity. The other two coils were not powered and served as control treatment. Thus, on each night, we had four experimental bats (magnetic field rotated) and four control bats. Two bats were placed inside each coil inside clear Perspex jars (height: 12 cm; diameter: 13 cm) with breathing holes in the bottom. The jars were later measured for disruption of polarization by placing them between two polarizing filters aligned at 90°. This standard technique indicates whether the material in between disrupts the cross-polarization of the two filters by seeing whether light, which is blocked by the cross-polarization, can now be observed. Using this technique the jar was found to be highly birefringent, making the pattern of polarization nonlinear and view-dependent. The bats were placed in the coil from 2034 hours on the first night (July 10, 2009) and from 2027 hours on the second night (July 13, 2009) with civil sunset at 2104 hours. These bats were removed from the coils from 2200 hours. On night 1 there was partial cloud cover (≈30%), but the sun's disk was visible at sunset. On all other nights the sky was clear, allowing unrestricted vision of the sunset and/or stars. Groups 3 and 4 were placed in the coils starting from 2245 hours on July 14 and 15, 2009, respectively. At this point, no trace of postsunset glow was observed by the experimenters. These bats were removed from 2345 hours. In all cases, care was taken to ensure that the bats did not have access to visual cues until inside the coil by removing them from the capture bag while inside the Helmholtz coil. After removal from the coil, bats were transported to a release site 25.24 km from the home roost with a home bearing of 224.95°(N 43°45.278′ E 026°10.905′ 183-m elevation). Bats were transported in the small cotton capture bags, thus denying them access to visual cues en route, but in principle leaving all nonvisual cues available. The release site was chosen for the flat nature of the surrounding landscape, so that the bats would not quickly fly out of line of sight or be attracted to any salient landscape features. This was important for obtaining the measure of orientation of the bats (see tracking procedure below).
Tracking Procedure. To decrease the motivation of the bats to forage and thereby increase their homing motivation, they were fed 20-30 mealworms and water just before release and released in the second half of the night.
Each bat had a radio transmitter attached to its back using skin glue (Manfred Sauer GMBH Hautkleber). Transmitters were all made by Holohil Systems Ltd. In total, 5 BD2N transmitters (mass 0.87 g), 2 LB2N (mass 0.41 g), and 25 LB2N (mass 0.35 g) were used and were balanced between treatments as numbers allowed. All transmitters were a maximum of 5% of the body mass of the animal. On each night the eight bats were released individually, alternating between experimental and control treatments. Bats were released in alternating cardinal directions so that one experimental and one control bat were released facing each of the cardinal directions. Upon release, the bat was tracked using a handheld three-element Yagi antenna attached to an AR8200 III receiver (AOR). At the point when the signal could no longer be heard, the bearing was noted but the antenna was aligned in that direction for 2 more minutes before it was classified as the vanishing bearing. As far as we could tell from the radio signal, all bats flew at several meters in height. This clearly indicates that they were commuting and not foraging, as this species flies close to the ground to listen for rustling sounds of large ground-running arthropods when foraging (19, 41) . At the end of the release of all eight bats, each frequency was scanned with a 360°sweep at the release site to confirm that each bat was no longer within range of the antenna. In only one case out of the 32 bats released was a bat detected again at the final scan: bat 22, a control from experiment 2 released on July 14, 2009 at 0232 hours. This bat was still moving and was tracked to a subsequent vanishing direction. This bearing (160°) was used as the bearing in the analysis as the most representative of the final decision of the bat to leave the release site. Neither use of the initial vanishing bearing (275°) nor removal of this bat from the dataset altered the conclusions of experiment 2 (initial bearing: Watson-Williams test for angular difference: An automatic receiver (Sparrow Systems) was placed inside the Orlova Chuka Cave in the hall where the Myotis colony typically roosts on July 9, 2009. It detected the arrival of the bats, and this was used to calculate the homing time. Occasionally, mouse-eared bats roost in other parts of the cave that were not covered by the automatic receiver. Hence, the measurements obtained can be regarded as conservative estimates of homing time. The automatic receiver was removed on the morning of July 17, 2009.
Analysis. Vanishing bearings were analyzed using Oriana 3.0 (Kovach Computing Services). The Rayleigh test was used to test for nonuniformity of each dataset, the Watson-Williams test analyzed for differences between the mean angular directions of each group, and the Watson U 2 test analyzed differences in distribution of the groups.
